INTRODUCTION
2 1 Global stocks of both carbon (C) and nitrogen (N) can be characterized by large, nonreactive pools 22 2 3 from which a small portion is converted to a reactive form and then rapidly converted back to the nonreactive pool (Schlesinger, 1991) . While the C and N atoms are in reactive compounds. they interact so completely while they circulate in their reactive forms, the imbalances in C and N fluxes cannot be analyzed separately. The metabolism and cycling of C and N are closely linked at the scale of b.
17 an individual chloroplast or leaf as well as at the whole-plant or ecosystem scales. However, there are 18 enough differences in the deposition characteristics of C and N to make it difficult to analyze them 19 together. Carbon dioxide has a much longer residence time in the atmosphere than the more reactive 2 0 NO, compounds. Hence, CO, is generally evenly distributed throughout the atmosphere, whereas the 21 more reactive NO, (as well as ammonium gases and particles. collectively called NH,) are usually 22 deposited relatively close to the source, often dissolved in precipitation, but also being absorbed by its deposition than that for CO:; hence, the interactions between COz and NO, can be difficult to predict. But given the prominent influence of terresmal ecosystems on the global carbon cycle, the terrestrial nitrogen cqde and its perturbation by deposition of anthropogenically derived nitrogen oxides will have ramifications through the global C cycle and the climate system. Despite the difficulties, N deposition must be considered in relation to other aspects of global change.
In this paper three primary questions will be explored. Does N deposition lead to additional removal and storage of fossil-fuel derived C from the atmosphere'? Will N deposition influence the response of plants and ecosystems to the higher concentrations of C02 in the atmosphere of the next century'? Do !&her CO: concentrations and N depositions alter the volatilization and release of N from ecosystems? There are a number of secondary issues to consider as well, including the interaction of CO2 and tropospheric ozone, species replacement, and the influence of other changing environmental factors. 
Global carbon cycle
A great deal of research in the global change arena has been focused on the problem of the "missing C sink" . The missing sink, usually estimated to be < 2 Pg yr-' (1 Pg = 1015 g) (Schimel. 1995) , is the mount of C that is emitted to the atmosphere by human activities-fossil fuel combustion, cement manufiacturing, and deforestation-that cannot be accounted for as an accumulation in the atmosphere or the modeled net tlux of C into the ocean. There is a presumption that the missing sink resides in the terresmal biosphere. a premise that is supported indirectly through measurements of the seasonal oscillations and latitudinal distribution of atmospheric CO1 (Tans, Fung & Takahashi. 1990 ). But direct observations of terrestrial C pools and fluxes cannot hope to find a net tlux of 2 Pg yr-' into a . 1 terrestnal C pool that is about 2200 Pg, with annual gross fluxes in and out of about 60 Pg (Schimel, 2 3 1995). Instead, we rely on models of terrestnal ecosystems that try to capture the important elements of C cycling, and our mderstanding of how those cycles might be perturbed, to calculate the "missing"
4 C (VEMAP Members, 1995) . Two questions must be asked: can we account for the C that has been 5 emitted since industrialization began, and how wiJl C flFes change over the next century as we
continue to bum fossil fuels'? The answer to the first question, which is constrained by the historical record of emissions and atmospheric CO? concentrations, should provide guidance for answering the second question, which is constrained only by scenarios of fossil fuel use and our general understanding 
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From a general understanding of the important controllers of ecosystem production and C storage comes the premise that, on a global scale. the only processes that could sufficiently stimulate 
19
capacity to respond with greater productivity (Johnson, 1992) , and productivity is generally higher on sites with greater N availability [Pastor et al.. 1984) . A_picultural productivity over the last century has 2 0 21 increased sufficiently to feed an exponentially growing population only because of human intervention in the N cycle through the industrial production of ammonia fertilizer and the cultivation of legumes 22 (Smil. 1997). But a_giculture is only a small fraction of the t e r r e s d C budget. and forests, which 9 2 3 dominate the C budget, are rarely fertilized [deliberately) on a large scale. 
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NZO by denitdication. so N did not accumulate. With industrialization came a large increase in the conversion of fi to reactive forms through fossil fuel burning, fertdizer production, and legume cultivation. Muoh,of this anthropogenic N is redistributed through waters or through the air (Galloway et ai., 1995) , and thereby can be deposited onto forests.
Modeling upproaches
13
The first attempt at estimating the amount .of C storage that could be attributed'to N deposition came 14 from Melillo & Gosz (1983). Starting with a fossil fuel emission rate of 24 Tg N y~-' (1 Tg = loi2 g) 15 they assumed that 25'31, or 6 Tg yr-l. was distributed.over forests. If all of this N combined with C in 15 vegetation with a C:N ratio of 150, then 0.9 Pg C would be stored as a result of the fossil fuel N.
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However, not all of the N deposited on a forest is retained, and not all of the retained N ends up in These estimates of C storage stimulated by N deposition are much lower than more recent estimates, primarily because the amount of anthropogenic N deposition is now understood to be much higher. Galloway et af. (1995) estimate that human activity produces about 140 Tg of reactive N through energy production (21 Tg), fertilizer production (79 Tg), and legume and rice cultivation (40 Tg). About 55% of this is emitted to the atmosphere. and 70 to 80% of the atmospheric emissions are redeposited to t&-restrial ecosystems. Hence, the 22 Tg N deposited to terrestrial ecosystems annually Schindler & Bayley (1993) assumed an N deposition rate of 64 Tg yr-l, 13 Tg of which is deposited on land. Multiplying this by an average ecosystem C:N ratio of 50, 100 or 150, they calculated the resulting terrestrial C storage to raqe from 0.65 to 1.95 Pg yr-', with an additional 0.36 Pg C taken up in oceans (C:N ratio = 7). Hence. of the increase in C stimulated by N fertilization, 64 to 84% was accounted for by the terrestrial biosphere. They assumed that this N-driven C sink probably developed largely in aggrading European and eastern North American forests within the past 7 century. They also noted that the calculations are very difficult because of the diversity of ecosystem types, C:N ratios and turnover time of different C and N pools, as well as uncertainty in deposition rates (especdy dry dqsition) and retention efficiencies of different ecosystems. They did not include the effect of the application of N fertilizer to agricultural soil Townsend et af. (1996) estimated the patterns of terrestrial C storage due to N deposition in much the same way, but with much more d e t d on the partitioning of N between different pools within an ecosystem and the distribution of N deposition to different ecosystems. They considered only fossil fuel N, because ' ;i is the largest source of oxidized N added to the atmosphere, and it is the only source for which there=arg good data on temporal trends. Atmospheric NH, is primarily of apicultural origin, so they assumed that much of the deposition would fall back onto apicultural areas. Actually, inputs of NH, to forests in eastern United States and Europe can be substantial. albeit less than NO, inputs Townsend et af. (1996) calculated C storage using the CENTURY model. Carbon allocation to wood was &xed at 50% and C:N ratios were used for wood, non-wood, and three different soil pool.. . The geographic distribution of different biome types was interfaced with the modeled spatial distribution and temporal trend for NO, deposition. Assuming that a constant 20% of available N was lost through leaching or volatilization. N-stimulated C uptake in 1990 was 0.74 Pg, and cumulative C storage since 1835 was 23.7 Pg. Nitrogen retention actually varies with vegetation type. forest age, wet vs. dry deposition, and soil properties, and retention declines as a system reaches saturation. When losses in the model were increased linearly from 20% to 100% in low to high deposition areas, the estimate of the C sirdwvas reduced by 40% (to 0.44 Pg yr-' in 1990 and 18.5 Pg since 1845). This estimate represents about 25% of the missing C sink of 1.5 to 2 Pg yr-'.
The C sink in the model was dominated by C storage in wood due to the high C:N ratio and long turnover time of wood (Townsend et a/., 1996) . Conversely, C storage in soil was low because of its low C:N ratios, and only a small fraction of net primary productivity enters the soil organic matter pools. The C shk in this model was primarily in the north temperate region, between 25 and 55 degrees latitudy sjmilar to the prediction of Tans et af. (1990) . The most important areas for C storage were eastern U.S. and Europe, and to a lesser extent eastern Ash These regions have both high NOy 
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These approaches all depend on C:N ratios for calculating C storage associated with a given level of N input. However. the stoichiometry of a terrestrial ecosystem especially of a forest. is a much more difficult concept than the predictable stoichiometry of phytoplankton and bacteria that regulates element cycling in marine systems (Redfield, 1958) . Because of the large amount of C-containing 9 1 structural tissue, the occurrence of storage of N in inactive forms, and the diversity of metabolic 2 pathways in trees that alter C:N ratios, no single C:N ratio can be applied to all forests (Vitousek et af.,
). The use of C:Pkatios in the modeling approaches can be best understood as a convenient way 4 of incorporating allocation differences between ecosystems or in response to a perturbation rather than 5 as the controlling mechanism of response. Townsend et al. (1996) point out that the simulations are 6 likely to be more sensitive to changes in allocation than to the C:N ratio of each tissue, because carbon budget of the 1995 IPCC assessment (Schimel et al., 1996) annual N increment begins to decline, leaching losses of nitrate begin to increase (Johnson, 1992) . But soil can also accumulate N-litter and soils were the major sinks for N in many forest fertilization studles (Johnson, 1992) . There was 100% retention of N fercllizer added periodically to two forests over three years (Aber et ai., 1993). Since the added N could not be found in vegetation components, it was assumed to have been transferred to SOM.
Can fertilization e,xperiments provide a reasonable surrogate for atmospheric deposition of N?
The competition between plants and nitnfy.lg bacteria is of paramount importance. Small, frequent additions of N to an N-deficient system will cause more leaching than is observed in a traditional fertilizer application because the population of nitrifiers is stimulated. However, in an N-rich system k with a large population of nitrifiers, leaching is more likely to be proportional to the amount rather than the i?equency of input (Johnson. 1992) . A substantial proportion of N deposition to a forest. however, is dry deposition, which can be absorbed directly by the canopy (Lindberg et ai., 1986) . In contrast with fertilizer additions directly to the soil. there is no apparent relationship between ecosystem retention of atmospherically deposited N and the amount of input. The N increment in vegetation These dalyses have shown that some of the C that is released to the atmosphere during fossil 9 fuel combustion is, removed from circulation because of the co-emission of reactive N. As the capacity i * 10 of ecosystems to absorb additional N declines, the concurrent absorption of COz wiu decline as well. 
Predictions from ecosystem models
With a general absence of empirical evidence, we must again rely on models of ecosystem response to Higher photos$thesis rates in high CO, (increased E ) were offset by lower LAI, and there was no increase in NPP-cE wood production. On the other hand, if allocation to sapwood was coupled to allocation to foliage, then more N was sequestered in wood and less in SOM. Increased CO, led to higher NPP and lower LAI, but sapwood respiration was increased such that wood production was lower than in the fixed-allocation case. With N deposition increasing N inputs, NPP increased adjustment between leaves and fine roots (Norby et al., 1992) . The relative constancy of the response of annual stem production per unit leaf area to high CO,. was noted in field-grown broadleaf trees . 2 3 despite differences in soil fertility and other aspects of experimental protocol (Norby, 1996) . A hypothesis for longer term responses based on this observation is that leaf function (net photosynthesis or E ) will be stimulatdby high CO, regardless of other environmental factors, but the overall growth (or NPP) response would be moderated by factors such as N supply that alter LAI. The difficulty in growing trees in controlled CO, concentrations to canopy closure and beyond has prevented any direct tests of this concept, but a new generation of free-air CO, enrichment experiments in closed-canopy forest stands should provide a test of the hypothesis. (1996) concluded that N supply controls C cycling on seasonal time scale, but C controls N'acquisition by an ecosystem over the long term It is a perspective that seems particularly relevant to the role of N deposition in the future. 
Other issues
The mferences from these ecosystem models generally support the conclusion that elevated CO, will L lead to higher NPP and C sequestration even when N is limiting. Hence, N deposition is not necessary for there to be a CO, fertilization effect. Nevertheless, the response of ecosystems to C@ would be expected to be larger, and the range of possible responses wider, in ecosystems with increased N input because of deposition. However. there are a number of other issues that must be included in this analysis. As N deposition pushes a system closer to its N retention capacity, enough changes in the composition and dynamics of the ecosystem may result that equilibrium predictions are no longer Could the stitnulation of plant growth processes by increased CO, forestall or accelerate the development of N sat@ation'? This is not a topic that has been considered in detail, but some of the mechanisms of C a response could potentially influence nitrate leaching. If there is greater sequestration of N in wood in elevated C a , relatively less should be available to be leached, as long as any atmospheric deposition that enters the soil nitrate pool is taken up fast enough. Carbon dioxide enrichment of Pinils taeda saplings increased the root uptake capacity for nitrate but not of ammonium (BassiriRad et ai., 1996) . This response could allow for greater ecosystem retention of nitrate, thereby mitigating the #$rinmtal effects of N deposition (BassiriRad et ai., 1996) . Assimilation of gaseous forms of N deposition (e.g., N a and HNO3 vapor) requires the presence of the enzyme nitrate reductase. Carbon dioxide enrichment reduced the level of nitrate reductase activity in Alnils sernilata .:
seedlings (Norby et al., 1984) . However, it is unlikely that this response would really lead to reduced rates of foliar N assirmlation. Even Picea rubens seedlings, which would normally be expected to assimilate very little nitrate in their needles, had suflicient constitutive levels of nitrate reductase to assimilate the amount of HNO! vapor or NO? that occurs in forests (Norby et al., 1989) . There has been some speculation that C Q p-ichment adds enough labile C to the soil to stimulate microbial activity (Zak et al. 1993 ; Korner & h o n e . 1992), which could lead to increased nimfication rates and increased leaching if the system is already close to N saturation. However, there are so many positive and negative feedbacks on nitrification that this speculation seems untenable as a general conclusion.
Nitrogen saturated systems can-be expected to undergo a more rapid species replacement than might otherwise be expected. Nitrogen availability can have significant negative effects on species richness and other aspects of the structure and dynamics of plant communities (Tilman, 1987 : Goulding et ai., 1998 . If N deposition leads to changing species composition. then all of the responses to Bazzaz, 1998) . Although models are now beginning to deal with species replacement and biogeography along with direct effects of COZ (VEMAP members, 1995) , it is difficult enough to predict the responses of a static system. Nevertheless, it ,is important to remember the diversity of responses that might occur when this added complexity is considered. It also must be remembered that climate change is predicted to accompany the increase in COZ and N deposition. Microbial decomposition ' orf SOM is strongly temperature dependent; increased mineralization is an expected :r, response to cl@$ic warming, further altering N dynamics (Davidson, 1995) .
VOLATILIZATION AND TRACE GAS INTERACTIONS

Nitrous oxide
A pre-industrial ecosystem would be expected to be in balance with respect to N that is, any input of N into the system (from biological Nz fixation or fixation by lightning) would be matched by losses of N from the system. The most important mechanism of N loss in undisturbed systems is volatilization through denitrification. Denitrification is the microbially-mediated conversion of N03-to N2 or NzO.
In addition, nitrification can produce NzO as a byproduct, and Nl%+ can deprotonate in alkaline soils leading to volatilization of NH? (Bowden. 1986 ). Denitrification requires low oxygen conditions (but not necessarily anaerobic soils) and a supply of nitrate and reduced carbon. The potential for N volqtilization from natural ecosystems is only realized under certain environmental conditions.
+.
Losses of N (primarily as leaching losses) have already been considered in relation to N retention by ecosystems and the effectiveness of N inputs in stimulating C storage. Volatile emissions of N z 0 have another more important link to global change issues. NzO is a potent greenhouse gas.
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in N20 production (Field et al., 1992) ; N deposition can be expected to stimulate Nz0 efflux as well (Smith, 1997; Goulding et al., 1998 reduces plant uptake of ozone and subsequent damage (Reich & Amundson, 1985) , it is generally found that elevated CQ will provide some degree of protection against the phytotoxic effects of ozone. There are, homver, exceptions to this general rule (Kull et al., 1996) . Most considerations of ozone effects concern the present and near-term effects. The annual increase of CO? (about 1.5 ppm)
is too small to influence near-term ozone effects. If the tropospheric ozone concentration continues to increase in concert with increasing NOY emissions (Chameides et al., 1994) , the CO? x 0 3 interaction could become an increasingly important issue. should slow the i n c r a e in atmospheric CO;! concentration and, therefore, slow the development of ciimate change. At the same time. however, both N deposition and increasing COz concentration might cause an increase in N20 emissions from some ecosystems. As a potent greenhouse gas, an increased flux of NzO would counteract any savings accrued from increased C sequestration. Besides. any increased C sequestration resulting from N deposition is a somewhat illusory benefit of the N inputs. The NO, inputs originate from the fossil fuel combustion that also creates the C$hfproblem The simultaneous sequestration of C and N simply returns to a nonreactive pool a portion of the elements that were released from that pool by combustion.
There is no net gain associated with the N deposition, and there are many other detriments to human and environmental health. There is little doubt that N production will increase in the coming decades: anthropogenic Nz fixation is driven by energy and food production. and 
